Background: Recent evidence suggests that autophagy, a conserved intracellular degradation pathway, regulates class II antigen presentation. Results: Autophagy deficiency in DCs ameliorated experimental autoimmune encephalomyelitis (EAE) by reducing in vivo priming of T cells. Conclusion: Autophagy is required in DCs for induction of EAE. Significance: Autophagy might be a potential target for treating CD4 T cell-mediated autoimmune conditions.
Autophagy, a conserved intracellular bulk degradation mechanism, plays several important roles in both innate and adaptive immune cells. Perturbations in the autophagy pathway have been linked to human diseases, including infection and autoimmunity (1, 2) . Mature dendritic cells (DCs), 2 the professional APCs in the immune system, are the major activators of T cells. CD4 T cells are activated predominantly by phagocytosed extracellular antigens that the APCs present in the context of MHC class II (MHC II). Recent evidence suggests that autophagy regulates this pathway of antigen presentation. Autophagy machinery is involved in delivering endogenous viral antigens to MHC II (3), and the antigen loading compartments for MHC II receive continuous input from autophagosomes (4) . Pharmacological inhibition of autophagy, by class III PI3K inhibitors 3-methyladenine or wortmannin, was shown to inhibit MHC II-mediated antigen presentation (5) . DC-specific deletion of an essential autophagy gene Atg5 made mice more susceptible to herpes simplex virus 2 infection due to an inability of DCs to present antigen and prime an appropriate CD4 T cell response (6) . Autophagy in DCs was also found to be critical for an appropriate CD4 T cell response against infection by respiratory syncytial virus (7) . Furthermore, mice vaccinated with DCs that were pretreated with rapamycin to induce autophagy showed stronger T cell response upon subsequent challenge with Mycobacterium tuberculosis (8) . Rapamycin treatment has also been found to increase the severity of autoimmune experimental uveitis, and it was hypothesized that induction of autophagy mediated such an effect (9) .
Autophagy in thymic epithelial cells has been shown to be essential for proper surface display of MHC-antigen complex. Mice lacking Atg5 in thymic epithelial cells showed severe autoimmune organ dysfunction, implicating a role of autophagy in the generation of proper T cell repertoire and in central tolerance (10, 11) . Autophagy also modulates the presentation of citrullinated peptide, characteristically present in rheumatoid arthritis, to CD4 T cells (12) . Moreover, several genome-wide association studies have implicated different autophagy genes in autoimmune diseases, such as Crohn disease, rheumatoid arthritis, and systemic lupus erythematosus (13) . Several hypotheses have been put forward to explain how the autophagy pathway might mediate autoimmunity (2, 14, 15) . However, the relevance of this pathway during autoimmunity remained inconclusive.
The major goal of this study was to investigate the roles of autophagy in DCs in the context of autoimmunity. To this end, we generated DC-specific Atg7 knock-out (Atg7 DC⌬ ) mice by breeding mice bearing Atg7 flox alleles with CD11c-Cre trans-genic mice. We then induced experimental autoimmune encephalomyelitis (EAE), an animal model that partially mimics multiple sclerosis. EAE is considered a predominantly CD4 T cell-mediated disease in which myelin-reactive CD4 T cells are activated in the periphery and then enter the CNS (16) . Here, we show that loss of autophagy in DCs significantly reduced the incidence and onset of EAE by reducing in vivo priming of T cells. Administration of chloroquine, an autophagy-lysosomal inhibitor, before EAE onset delayed disease progression and, when administered after the onset, reduced disease severity. In contrast, the severity of hapteninduced contact hypersensitivity, mediated by CD8 T cells and NK cells, remained unaltered in Atg7 DC⌬ mice. Collectively, these studies showed that autophagy in DCs is critical for CD4 T cell-mediated autoimmune component, and inhibition of autophagy might be a therapeutic approach in some autoimmune diseases.
EXPERIMENTAL PROCEDURES
Mice-C57BL/6 and CD11c-Cre transgenic mice in a C57BL/6 background were purchased from The Jackson Laboratory. Atg7 f/f mice have been described previously (17, 18) . All mice used were housed in a specific pathogen-free facility (BCM vivarium, biosafety level 2) and monitored daily following EAE induction. All animal protocols were approved by the institutional boards of Baylor College of Medicine.
EAE Induction and in Vivo Treatments-EAE was induced as described (16) with minor modifications. Eight to twelve-weekold mice were actively immunized with 100 l of 1 mg/ml MOG(35-55) peptide (EZ Biolab) emulsified in Freund's complete adjuvant (5 mg/ml Mycobacterium tuberculosis extract H37Ra in incomplete Freund's adjuvant). At immunization and 48 h later, all mice received 500 ng of pertussis toxin (List Biological Laboratories) intraperitoneally. Mice were monitored daily for weight changes and clinical symptoms, which were scored as follows: 0, no overt abnormalities; 1, limp tail or hind limb weakness; 2, limp tail and hind limb weakness; 3, partial paralysis of hind limbs; 4, complete hind limb paralysis; 5, moribund or death from EAE. At grade 5, mice were sacrificed for humane reasons. Disease incidence was marked when an animal showed clinical signs for at least 2 consecutive days. For chloroquine treatment, mice were randomly divided into two groups and treated before or after the onset of the disease, starting from day 2 or day 8, respectively. Mice received daily intraperitoneal injection of 60 mg/kg chloroquine diphosphate (Sigma) for 13-14 consecutive days. Control groups received PBS. Investigators scoring the mice for all EAE experiments were blinded as to the type of treatment and to mouse genotypes.
Induction of Contact Hypersensitivity-Contact hypersensitivity was induced as described (19) . Briefly, mice were sensitized (day 0) by applying 50 l of 5% (w/v) oxazolone (OXA) (4-ethoxymethylene-2-phenyl-2-oxazolin-5-one) in absolute ethanol or by applying, on day 0 and day 1, 50 l of 0.5% DNFB in acetone/olive oil (4:1) to the shaved abdomen. Mice were challenged on day 5 by applying 20 l of 0.2% DNFB on one ear (10 l on both sides) or on day 6 by applying 20 l of 1% oxazolone on one ear and solvent alone to the other ear. For mice with ear tags, the tagged ear was always used for vehicle treatment. Ear thickness was measured before and 24 h after the challenge with a micrometer (Mitutoyo), and ear swelling was calculated by using Equation 1, ͑challenged ear after Ϫ challenged ear before ͒ Ϫ ͑vehicle-treated ear after Ϫ vehicle treated ear before ͒ (Eq. 1)
Single Cell Suspension and Flow Cytometry-Single cell suspensions from spleen, thymus, and lymph node were prepared by mechanical disruption over a cell strainer (BD Falcon), followed by RBC lysis using ACK lysis buffer (Quality Biological, Inc.). Intracellular staining for Foxp3 was performed using Cytofix/Cytoperm Plus kit (BD Biosciences). The following antibodies were used: CD8-APC (17-0081-81), MHC-II (I-A/I-E)-FITC (11-5321), CD40-PE (12-040181), all from eBioscience; CD11c-Alexa Fluor700 (560583), CD11c-APC-Cy7 (561241), CD11b-PerCP-Cy5.5 (550993), CD11b-APC-Cy7 (561039), CD4-APC (553051), CD4-PE (553048), CD8-FITC (553030), CD3e-PE-Cy7 (561100), and Foxp3-PE (560414), all from BD Biosciences. Flow cytometry was performed with LSR Fortessa (BD Biosciences), and FACSDiva software was used for data collection, and FlowJo software was used for analysis.
T Cell Proliferation-Single cell suspensions from spleen were incubated with the indicated concentration of MOG(35-55) peptide for 5-6 days, and supernatant was collected. IL-2 was measured in the supernatant by ELISA (eBioscience). For nonspecific stimulation, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (Invitrogen) was used to measure proliferation. Anti-CD3 and anti-CD28 (eBioscience) and concanavalin A (Sigma) were used for stimulation.
Antigen Presentation Assay-BMDCs were generated by culturing single cell suspension from bone marrow for 7 days in the presence of 20 ng/ml GM-CSF and 10 ng/ml IL-4. BMDCs were plated at 1 ϫ 10 5 cells/well in a 96-well plate and left in culture overnight. 1 ϫ 10 5 B3Z cells/well were added along with the indicated concentration of ovalbumin (Sigma). Colorimetric assessment was performed after 24 h as described (20) . B3Z cells were a kind gift from Dr. Nilabh Shastri, University of California at Berkeley.
BMDC Stimulation and Ovalbumin Endocytosis-BMDCs were stimulated with LPS for 24 h. TNF-␣ and IL-6 in the supernatant were measured by ELISA (eBioscience). Cells were collected, and Fcs were blocked and stained for flow cytometry to check surface expression of various molecules. For ovalbumin endocytosis, BMDCs were incubated with 25 g/ml OVA-Alexa Fluor488 conjugate (Molecular Probes), washed with icecold PBS, treated with trypsin/EDTA, and analyzed by flow cytometry.
Immunoblotting-Cell lysis was performed on ice using RIPA buffer with protease inhibitor mixture (BD Biosciences). Dounce homogenizer (Wheaton) was used for preparing lysates from isolated organs. DCs from spleen were isolated by MACS LS column, using CD11c microbeads (Miltenyi Biotec), and lysed. Lysates were boiled in Laemmli sample buffer for 5 min at 95°C and resolved by SDS-PAGE. Following transfer onto nitrocellulose membrane by Mini Trans-Blot Cell (Bio-Rad), membranes were incubated with antibodies, and imaging was performed using an Odyssey Infrared Imaging System (LI-COR Bioscience). The following antibodies were used: anti-Atg7 (600-401-487, Rockland Immunochemicals); anti-actin (AM43020, Ambion); anti-p62 (03-GP62-C-1, American Research Products); and anti-LC3 was described previously (17, 18) .
Statistical Analysis-Normally distributed data were analyzed by Student's t test. Welch correction was applied in case of significant difference in variance between the groups, and nonparametric comparisons were performed by Mann-Whitney test. For EAE data, curves were compared by analysis of variance, incidence by 2 test, and Kaplan-Meier curves by log-rank test. Analyses were performed by GraphPad Prism Version 6.00 for Windows, GraphPad Software, La Jolla, CA.
RESULTS
Atg7 Deficiency in DCs Reduced the Incidence and Severity of EAE-We hypothesized that autophagy deficiency in DCs would result in reduced antigen presentation to CD4 T cells in the context of an autoimmune disease. To test this hypothesis, we bred Atg7 flox mice (henceforth, Atg7 f/f mice) with transgenic CD11c-cre mice and generated mice with DC-specific deletion of Atg7 (called Atg7 DC⌬ mice hereafter). Atg7 DC⌬ mice did not present with any gross abnormalities and had substantial reduction of ATG7 levels in their BMDCs (Fig.  1A) . EAE was induced in Atg7 DC⌬ mice and their littermate Atg7 f/f controls, and the mice were monitored daily for signs of EAE. Disease severity was measured in a scale of 0 to 5, and incidence was confirmed when signs of EAE were observed for at least 2 consecutive days (described in detail under "Experimental Procedures").
Atg7 DC⌬ mice showed a significant reduction in severity of EAE compared with their littermate control (Fig. 1B) . Furthermore, the incidence of EAE was also reduced in Atg7 DC⌬ mice (8 out of 8 in control mice versus 5 out of 10 in Atg7 DC⌬ mice from two independent experiments, 2 test, *, p ϭ 0.036) (Fig. 1,  C and D) . Additionally, in Atg7 DC⌬ mice, weight loss, cumulative disease score (area under the curve), and peak disease score were significantly attenuated ( Fig. 1, E-G) .
We then wanted to rule out the possibility that amelioration of EAE in Atg7 DC⌬ mice was due to global immunosuppression and not specific to the pathophysiology of EAE. We utilized models of hapten-induced contact hypersensitivity, which is predominantly mediated by NK and CD8 T cells but not by CD4 T cells (19, 21) . Control and Atg7 DC⌬ mice were sensitized in the abdomen area with OXA or DNFB and then challenged after 5 or 6 days in one ear with the respective hapten. Disease severity was estimated by measuring swelling of the haptenchallenged ear compared with the vehicle-treated ear. Severity of hapten-induced contact hypersensitivity in response to OXA or DNFB was similar between Atg7 DC⌬ mice and their littermate controls ( Fig. 2A) . Thus, the reduction in severity of EAE in Atg7 DC⌬ mice was not due to a global reduction in immune functions in vivo, but it was likely specific to EAE.
To further rule out the possibility that autophagy deficiency reduced global DC functions, we evaluated LPS-induced cytokine secretion and up-regulation of costimulatory molecules as well as the endocytic functions of BMDCs. There were no significant differences between BMDCs from control and Atg7 DC⌬ mice, in endocytosis of ovalbumin, up-regulation of MHC-II and CD40 (Fig. 2C ), or production of IL-6 or tumor necrosis factor-␣ (TNF-␣) in response to LPS (Fig. 2, B-D) . These results are in agreement with a previous study showing that Atg5 deficiency in DCs did not produce gross alterations in global DCs functions (6) . Taken together, these data suggest that there were no global functional defects in autophagy-deficient DCs.
Atg7 DC⌬ Mice Exhibited Reduced Priming of T Cells during EAE-The findings that Atg7 DC⌬ mice showed specific defects in CD4 T cell-mediated EAE, while maintaining an intact NK cell and CD8 T cell-mediated response in contact hypersensitivity, suggested two possibilities. The Atg7 DC⌬ mice might have intrinsic T cell defects, particularly in the CD4 T cell compartment. The other possibility is that Atg7 deficiency in DCs resulted in reduced antigen presentation to CD4 T cells, thereby reducing their activation in Atg7 DC⌬ mice. To rule out the first possibility, we evaluated the weight and cellularity of spleen and thymus. We also checked frequencies and development of total T cells and CD4 T cells in Atg7 DC⌬ mice. Analyses of these compartments did not reveal any gross defects in Atg7 DC⌬ mice. Furthermore, there was no difference, between Atg7 DC⌬ and control mice, in the regulatory T cell compartment ( Fig. 3) .
We then tested whether the reduction in the incidence and severity of EAE resulted from defective antigen presentation to CD4 T cells by Atg7-deficient DCs. To evaluate antigen-specific recall response, we isolated splenocytes from control and Atg7 DC⌬ mice following induction of EAE and incubated them with MOG peptide. IL-2 production by splenocytes was measured to detect antigen-specific T cell recall response. We found that IL-2 production was significantly reduced in splenocytes from the Atg7 DC⌬ mice, suggesting reduced recall response in those mice (Fig. 4A ). This reduction was not due to any intrinsic defects in T cells themselves as splenocytes from Atg7 DC⌬ mice showed similar proliferation to that observed in splenocytes from control mice in response to anti-CD3, anti-CD3 and anti-CD28 combination, or concanavalin A (Fig. 4B) . Taken together, these data suggest that autophagy is critical for the ability of DCs to prime CD4 T cells to initiate EAE.
We then tested the ability of Atg7-deficient DCs to present antigen to CD8 T cells in the context of MHC class I. We used B3Z cells, a lacZ-inducible CD8 T cell hybridoma that recognizes OVA(257-264) (SIINFEKL) in context of MHC-I (H-2K b ) (20) . Antigen recognition by B3Z cells results in their proliferation that can be measured colorimetrically. There was no significant difference between BMDCs isolated from control or Atg7 DC⌬ mice with respect to their abilities to present antigen in the context of MHC-I (Fig. 4C) . These data suggested that autophagy deficiency reduced antigen presentation to CD4 T cells but not to CD8 T cells.
Autophagy-Lysosomal Pathway Inhibitor Chloroquine Reduced Severity of EAE-Our data suggested that autophagy plays an important role in the pathogenesis of EAE. We then sought to investigate the effect of pharmacological inhibition of the autophagy-lysosomal pathway on EAE. We induced EAE in mice and started chloroquine (CQ) treatment before disease onset, 2 days after immunization. CQ administration delayed disease incidence and reduced severity, cumulative disease score, and weight loss (Fig. 5, A-D) . To test the effect of CQ treatment on a pre-existing disease, we induced EAE and started CQ injection after the onset of EAE, 8 days after immunization (Fig. 5, upper  panel) . CQ treatment significantly reduced disease severity and cumulative diseases score (Fig. 5, E and F) . Previous studies have shown that expression of Atg5 was increased during EAE in mice and in subjects with multiple sclerosis (22) . To test whether autophagy is induced during EAE, we analyzed levels of the autophagy marker microtubuleassociated protein 1 light chain 3␣ (LC3)-type II and of the autophagy substrate sequestosome (SQSTM1), also known as p62, in the spinal cord of naive or diseased mice at different stages of EAE. We observed that SQSTM1 was reduced at all stages of EAE, whereas levels of LC3-II were increased during early EAE and reduced during severe EAE (Fig. 6A ). Together, these data suggest induction of autophagy in spinal cord with progressive autophagy flux during EAE. The causal association of autophagy induction, however, is uncertain. It is possible that autophagy induction might simply be caused by neuronal damage in EAE.
Although CQ treatment, prior to EAE onset, delayed disease progression and attenuated its severity, the clinical scores and weight loss became similar to that of the PBS-treated mice following cessation of CQ treatment (Figs. 5B and 6B) . Moreover, no significant difference in weight loss was observed between PBS-treated and CQ-treated groups when CQ treatment was initiated after onset of EAE (Fig. 6C ). In this CQ regime, both sets of mice eventually reached similar peak scores (Fig. 6D) . These data suggest that CQ treatment following disease onset could not completely protect against the progression of EAE.
DISCUSSION
T cell activation, both at the periphery and in the CNS, is required for induction of EAE (16) . DCs infiltrate the CNS during inflammation and have been shown to be the major APCs within CNS during EAE (23) . However, the role of DCs as APCs in the periphery during EAE induction is much less understood. Dermal DCs are required for EAE induction as depletion of these DCs conferred resistance to EAE (24) . However, in other studies, depletion of DCs increased the severity of EAE, a result attributed to the tolerogenic effect of DCs (25) . Most of the above studies relied on DC depletion mechanisms either genetically or by using depleting antibodies or diphtheria toxin in a cell type-specific diphtheria toxin receptor mouse. Although depletion of DCs can reduce antigen presentation, it might also remove other potential regulatory mechanisms exerted by DCs. In such an all-or-none model, the contribution of DC-mediated antigen presentation in a complex autoimmune disease becomes difficult to assess. It is also possible that in a DC-depletion model, other cells might increase their participation in antigen presentation.
Atg7 deficiency in DCs significantly reduced the onset and severity of EAE. The underlying mechanism is likely due to reduced T cell priming, as evidenced by reduced MOG-specific recall response. These data are consistent with prior studies suggesting that autophagy controls class II antigen presentation to CD4 T cells. They also support reports implicating DCs as the major antigen-presenting cells in the periphery during the onset of EAE. Atg7 deficiency in DCs did not completely abolish the incidence or severity of EAE. This finding could be due to two possibilities. Cre-mediated gene deletion is often incomplete (26, 27) . Moreover, there are many subsets of DCs, and CD11ccre-mediated gene deletion has been shown to be incomplete in plasmacytoid DCs (28) . Plasmacytoid DCs play a major role in priming of T cells during EAE (29) . Thus, CD11c-cre-mediated deletion of Atg7 might be leaky and could not completely abolish ATG7 from all subsets of dendritic cells in all Atg7 DC⌬ mice. The other possibility is that antigen presentation by other types of APCs might occur in EAE (25) .
CQ treatment at different phases of EAE could delay disease onset or reduce severity. CQ, an autophagy-lysosomal inhibitor, is a widely used anti-malarial drug that has been used for treating other autoimmune diseases, including rheumatoid arthritis and systemic lupus erythematosus (2) . As autoimmunity results from uncontrolled activation of adaptive immune system and CD4 T cells are the central component of adaptive immunity, autophagy might modulate autoimmune diseases through antigen presentation and activation of CD4 T cells. CQ treatment could also affect other cell types, including regulatory T cells, which might also affect in vivo development of EAE (30) . CQ treatment could not completely abolish the disease. These data are consistent with a previous clinical trial showing that oral CQ treatment in established cases of MS could not provide long term benefit over placebo (31) . Several possibilities might explain such outcomes. CQ is not a specific autophagy inhibitor, as it inhibits the later stages of lysosomal degradation. At the late stages of EAE, CD8 T cells might become important as effector cells, and hence, the beneficial effect of CQ could not be sustained. Recent studies have suggested that, similar to multiple sclerosis in humans, EAE in mice has a strong CD8 T cell component (32) . We did not find defects in two models of hapten-induced contact hypersensitivity, mediated predominantly by CD8 T cells, in Atg7 DC⌬ mice. Thus, future treatment of multiple sclerosis might have to include specific autophagy inhibitors in combination with additional agents. Discovery of more specific autophagy inhibitors for long term in vivo use would be essential to answer these questions.
